ABSTRACT. Spindles in anaphase of dividing primary spermatocytes of the grasshopper, Mongolotettix japonicus, were examined with a sensitive polarizing microscope combined with a time-lapse video recorder and a cinematographic apparatus. The pole-to-pole distance of the meiotic spindles was increased and the kinetochore fibers were more birefringent in the presence of 40 % D2O. However, the rate of shortening of the kinetochore fibers in anaphase was not affected by D2O. This indicates that D2O did not inhibit microtubule disassembly in anaphase, supporting the earlier observations (3, 18) that D2O did not "stabilize" the spindle microtubules at concentrations below 45 %. We confirmed that D2O, at the concentration mentioned above, neither promotes nor inhibits the anaphase A. However, the overall sequence of anaphase was considerably extended in the presence of D2O, presumably due to the increased pole-to-pole distance.
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When D2O is applied to the dividing eukaryotic cells at concentrations less than 45 %, both the spindle volume and birefringence (BR) are increased (3, 13, 16), but mitosis is not inhibited (3, 18) . Based on experiments using the dividing sea urchin eggs, Takahashi and Sato (17, 18) considered the extension of anaphase duration in D2O-treated cells could be caused by the elongation of the spindle axis in the presence of D2O. In the present experiment, we intended to reexamine their observations using dividing primary spermatocytes of the grasshopper, Mongoltettix japonicus, whose anaphase is 5 to 6 times longer than the anaphase of dividing sea urchin eggs. Spindles of these cells are large, clear (5, 6, 7) and provide a prominent image of kinetochore fibers under a sensitive polarizing microscope (6, 7). We considered that spermatocytes, which possessed ample amounts of polymerizable tubulin for the spindle assembly in meiosis I and II , allowed us more precise tracing of their anaphasic sequences. We expected to obtain better information concerning the effect of D2O on the microtubule disassembly in the dividing eukaryote.
Through the present study, we found that while the BR of the non-kinetochore fibers increased little, BR of the kinetochore fibers was greatly enhanced by D2O. The spindles were elongated and in many occasions their poles reached the cell membrane. In this paper, we shall report the process of shortening of the kinetochore-to- 
RESULTS
The metaphase spindle of the primary spermatocyte immersed in 40 % D2O was longer and more birefringent as compared with the spindle in control cells (Fig. 1) . BR of the kinetochore spindle fibers was markedly increased, while the change of BR of non-kinetochore fibers was not conspicuous (Fig. 1B) . As a result of spindle elongation, the spindle poles of D2O-treated cells were often observed to reach the cell membrane ( Fig. 1B; Fig. 2A ). This kind of image was never seen in the control cells. The spindle in the treated cells appeared to be somewhat stiffened judging from the fact that its movement was rather restricted.
Preliminary observation showed that the D2O effects were detected but less prominent in spindles of secondary spermatocytes than spindles of the primary spermatocytes. Therefore, we decided to analyze the D2O effects only on meiosis I spindles of the spermatocytes.
The exact time of the onset of anaphase both in the control and the D2O-treated cells was determined from measurements of the distance between bivalent kinetochores (KKD). We considered the onset of anaphase as the time when KKD started to show a gradual increase (Fig. 3) . In most cells, the shortening of kinetochore-to-pole distance (KPD) began a few minutes prior to the increase of KKD. This phenomenon remained unchanged in the presence of 40 % D2O in the Carlson's medium (Fig. 4) . The rate of chromosome movement at the beginning of anaphase was slow and then became progressively faster, reaching a maximum in early to mid-anaphase. The movement slowed down at the ending part of anaphase 
DISCUSSION
In the present study, 40 % D2O was shown to cause a longer and more birefringent spindle in the primary spermatocytes of the grasshopper, Mongolotettix japonicus. The increase of the spindle BR was especially conspicuous in the kinetochore spindle fibers. This observation confirms the result of the previous work obtained in the spermatocyte of the same species (7). In addition, the enhancement of the spindle assembly by D2O is what could be expected from a number of investigations dealing with the D2O effects on the living mitotic spindle. As an explanation of the enhancement of spindle assembly by D2O, increased hydrophobic interaction between tubulin molecules may be taken into consideration, since protein molecules in the cytoplasm might increase their hydrophobicity proportionally to the given concentration of D2O (9, 13), and since the hydrophobic interaction of protein molecules is also involved in the assembly of microtubules. Thus, promotion of tubulin polymerization by D2O in vitro may be a direct reflection of the strengthened binding of tubulin molecules (4). In anaphase, kinetochore microtubules depolymerize and the distance between the pole and the chromosomes decreases (anaphase A). The microtubule disassembly might be responsible for driving the chromosomes poleward (3, 10). If D2O is involved in the modulation of hydrophobic interaction amongst tubulin molecules, D2O might decrease the speed of anaphase A. Investigation dealing with the effects of D2O on mitosis in eukaryotes revealed that application at more than 60 % caused a structural stabilization of the mitotic apparatus (11, 12) and suppressed the mitotic events. On the other hand, application of D2O at concentrations below 45 % did not inhibit anaphasic movement in sea urchin eggs (13, 14) . The present experiment on grasshopper spermatocytes using 40 % D2O have revealed that although the anaphase was prolonged due to the longer spindle axis and slower chromosome movement, the KPD shortened at a rate not significantly different from that of the control. D2O, therefore, did not affect the progression of anaphase A. In accordance with this result, thermodynamic analysis of the effect of D2O on the mitotic spindle in echinoderm eggs (15, 17) did not support the postulation that D2O strengthens the hydrophobic interaction between tubulin molecules. Furthermore, observation on the Ca2+ -dependent deterioration of BR of isolated spindles in sea urchin eggs (18) showed that the rate of deterioration of the spindles pre-treated with 45 % D2O was essentially the same as in the control spindle. All these facts seem to be more consistent with the conclusion that D2O enhances spindle assembly by increasing the number of polymerizable tubulin molecules required for the assembly of the spindle (15, 16, 17) , the microtubule of which is assumed to be in a state of dynamic equilibrium with the monomeres in the tubulin pool (3).
Although 40 % D2O did not modify the process of anaphase A, the chromosome movement was retarded in the D2O-treated spindle. Our results have shown that the PPD did not fluctuate much during anaphase in the D2O-treated cells. Because spindle poles were already wide apart in metaphase in the presence of D2O, the separation of the poles (anaphase B) contributed little to the anaphasic chromosome movement. This may explain the slower chromosome movement in anaphase of the D2O-treated cells.
